Clinical studies on congestive heart failure have revealed a disproportionately large decrease in renal blood flow as compared to the reduction in cardiac output. Merrill (1) has reported an average diminution of renal blood flow to about onefifth of normal in a large series of decompensated patients whose average cardiac output had decreased to approximately one-half of normal. An average reduction of renal blood flow to about onethird of normal has been described by Mokotoff, Ross, and Leiter (2) in a similar group of patients, but cardiac outputs were not determined. Since these changes occurred in patients who presumably had arterial pressures within or near normal ranges, the question arises whether a reduction of cardiac output per se produces such a marked impairment of the renal circulation. These findings have prompted us to investigate the effects of acutely reduced cardiac output upon the renal blood flow under experimental conditions in which the cardiac output could be rapidly altered.
In a previous paper (3), we described the cardiovascular dynamics of acute graded stenosis of the pulmonary artery, and demonstrated that it is possible to achieve significant reduction of cardiac output while maintaining the arterial pressure within normal limits. This was accomplished by compressing the pulmonary artery to a degree where right atrial pressures were significantly elevated while arterial pressures were only slightly reduced or remained essentially unchanged. We suggested that this procedure would be a convenient and relatively simple method for simulating acutely the conditions which are induced chronically in clinical congestive heart failure. This being the case, the procedure would afford an opportunity for assaying the responses of the renal circulation to degrees of reduced cardiac output which would not affect the renal blood flow indirectly through concurrent changes in arterial (4, 5) or venous (6, 7) pressures. In the present series of experiments, therefore, we have applied clearance techniques in anesthetized dogs subjected to graded pulmonary artery stenosis to study the effects of acutely reduced cardiac output upon the renal circulation.
METHODS
A series of nine satisfactory experiments was performed on dogs varying in weight from 17.0 to 26.5 kg. All dogs were anesthetized with an initial intravenous dose of sodium pentobarbital (30 mg./kg.), and were given additional small doses as necessary to maintain a fairly light anesthesia. No pentobarbital was given during experimental periods, and a time interval of at least 30 minutes was allowed to elapse after administration before subsequent observations were made.
The thorax was opened by resection of the fourth left rib, and respiration was maintained artificially through a large tracheal cannula. The pulmonary artery was separated from the base of the aorta by careful dissection, and a brass clamp was placed about the pulmonary artery near its origin. Gradual compression was exerted by means of a screw-type arrangement which could be locked in place at any desired position.
In In all but one experiment, the post-mortem value was less than 10 per cent of the smallest experimental result.
Arterial and mixed venous blood samples were collected simultaneously over mercury in greased syringes from a femoral artery and a small branch of the pulmonary artery, respectively. In the pre-operative determinations of cardiac output, however, samples of mixed venous blood were obtained from the right ventricle. The samples were kept on ice in the original syringes sealed with mercury, and oxygen content was determined in duplicate by the method of Roughton and Scholander (10) within 12 hours of the time of collection.
Renal clearance studies were performed using creatinine as a measure of glomerular filtration rate and paraaminohippurate (PAH) as a measure of effective renal plasma flow. Mannitol was used as an osmotic diuretic to assure a urine flow greater than 2.0 cc./min. during control periods, and greater than 1.5 cc./min. during constriction periods. Following a priming dose, suitable blood levels of creatinine and PAH were maintained by continuous slow intravenous infusion at a constant rate by means of a mercury pump. The alkaline picrate method of Folin and Wu (11) was used for creatinine analysis of urine and sodium tungstate plasma filtrates. PAH was determined by the method of Smith and his associates (12) on cadmium sulfate plasma filtrates and urine. All analyses were done in duplicate. Urine was collected by catheterization of the bladder in the first two experiments and in all "pre-operative" control studies, and by catheterization of the ureters in all other clearance periods. Blood samples were drawn from the femoral artery at the beginning and end of each pair of periods, and blood levels were interpolated to the mid-points of each period by plotting on semi-log paper.
In six of the experiments at least two different degrees of pulmonary artery constriction were produced, and were maintained for approximately 30 or 40 minutes, followed in each case by complete release of the constriction. The degree of compression and consequent reduction in cardiac output was gauged by the rise in central venous pressure and fall in arterial pressure, as discussed in our previous paper (3) . In two other experiments, after control periods, the pulmonary artery was compressed for a longer period of time. In one of these (Exp. BL 19,. Table I), the constriction was maintained for four hours, followed by a recovery period, while in the other (Exp. BL 25, Table I ), the duration of constriction was prematurely terminated after two hours by the accidental death of the animal. In the ninth experiment of this series (Table II) , extraction ratios for PAH were determined during control and constriction periods.
In each experiment, no compression was applied to the pulmonary artery until at least one pair of control periods had been obtained. Post-operative control observations were made in each experiment after all surgical procedures had been completed, and in three experiments (BL 24, 25, and 26), a preliminary pair of pre-operative control periods also was run following cannulation of the trachea, left carotid artery and right jugular vein.
Blood withdrawn for analyses was replaced by heparinized blood from donor dogs at the completion of each pair of observation periods. In addition, 150 to 400 cc. of 0.9 per cent saline were administered intravenously between each pair of periods to compensate for the dehydrating effect of the mannitol diuretic. Hematocrit determinations served as guides for the quantity of saline to be given. At least 30 minutes were allowed to elapse following the administration of blood and saline before any subsequent experimental tests were performed.
RESULTS
Arterial and central venous pressures. Pressure changes in the aorta and right atrium were employed as convenient and immediately available criteria for estimating approximately the degree of reduction of cardiac output during the actual course of the experiment as stated above. After a pair of control periods the pulmonary artery was constricted until a definite elevation of mean central venous pressure (ca. 5 cm. water) was elicited, unaccompanied by any drop in mean arterial pressure which would in itself affect renal blood flow significantly (4, 5) . Experimental observations made under these conditions are arbitrarily included under the designation "moderate constriction periods" (Table I) . Following a subsequent interval of release of compression in four experiments (Table I, BL 10, 15, 16 , and 24), the pulmonary artery was constricted to a still greater degree. Such "severe constriction periods" were designed so that the pulmonary artery was occluded to the maximal degree which would still maintain the mean arterial pressure above 80 mm. Hg.
During the release periods which followed each pair of constriction periods, the aortic and right atrial pressures approached control levels, but usu-ally did not return completely to the original values. cardiac outputs or renal blood flows were observed, No consistent changes in heart rate were observed. so these periods were omitted from our tables and
In experiments BL 11, 15, and 16 (Table I) , graphs. the pulmonary artery was constricted between conCardiac output. In each experiment there was a trol and moderate constriction periods to the point tendency for the cardiac output to decline during at which no alteration occurred in aortic or right the course of the experiment (Table I) . This is atrial pressures, but where a prominent systolic probably partly the result of anesthesia, since a thrill was palpable, to determine whether cardiac similar phenomenon has been reported in dogs output was reduced before any pressure relation-anesthetized with sodium barbital (13) . Howships were disturbed. No significant changes in ever, cardiac output determinations made soon after the onset of anesthesia are probably close to result of operative procedures and/or opening of expected pre-anesthesia levels, since they agree the chest. However, it is exceedingly unlikely that well with values reported by numerous other in-a reduction of such great magnitude occurred in vestigators using the Fick principle in unanesthe-experiments BL 10, 11, and 16, since the posttized dogs (Table III) .
operative cardiac outputs in these experiments
In the three experiments in which pre-operative were all greater than 3 1./min. cardiac output determinations were made (BL Table I also shows that compression of the pul-24, 25, and 26), the output of the heart was dimin-monary artery causes a further decline in cardiac ished by 57, 59, and 39 per cent, respectively, as the output beyond the post-operative control value, with a return toward control following release of constriction. Comparative analysis of the concurrent changes in mean arterial pressure reveals that the arterial pressure falls to a much lesser extent than does the cardiac output, indicating that some mechanism acts to support the arterial pressure in the face of a reduction of cardiac output. This phenomenon will be discussed in more detail in connection with total peripheral resistance.
Of the three variables involved in the determination of cardiac output by the Fick principle, the oxygen consumption and the arterial oxygen content remained relatively constant during the various experimental procedures. The oxygen content of the mixed venous blood, however, varied considerably with changes in cardiac output, and is the principal variable also in most cases of clinical congestive heart failure (19, 20) .
Renal blood flow. The possible effects of anesthesia should be considered in interpreting the changes in effective renal blood flow which were observed in our experiments. It has been amply demonstrated that renal blood flow determinations made soon after the onset of pentobarbital anesthesia do not appreciably differ from pre-anesthesia controls (21) (22) (23) . In our experiments, most of the post-anesthesia control renal blood flows were from 400 to 500 cc./min. Therefore, it is evident that anesthesia did not significantly impair the renal circulation early in each experiment. Studies by Selkurt, Hall, and Spencer (6), however, have revealed a tendency for a gradual fall in renal blood flow to occur in pentobarbitalized dogs over the course of several hours, even when subjected to no experimental procedures. This probably is partially responsible for the failure of the effective renal blood flow to return completely to control levels after release of pulmonary artery constriction.
Further comparison of our data with those obtained from studies on unanesthetized dogs also fails to reveal any appreciable effect of pentobarbital upon the effective renal fraction (the ratio of the effective renal blood flow to the cardiac output Table I it is evident that reduction of the output of the heart by compression of the pulmonary artery diminishes the quantity of blood flowing through the kidneys. The renal blood flow is reduced proportionately less, however, than is the cardiac output, as illustrated in Figure 1 , where the effective renal blood flow during constriction periods is plotted against cardiac output, both in terms of per cent of post-operative control. In this figure, all points would fall about the diagonal line if the renal blood flow fell commensurately with the reduction in cardiac output. The majority of points, however, fall above this line; in fact, when the cardiac output is depressed to below 70 per cent of control, all points fall above this line.
This phenomenon is presented in another fashion in in each period represents the mean effective renal fraction for that period. It is evident that moderate and severe constriction of the pulmonary artery significantly elevates the renal fractions, and with release of constriction the renal fractions return approximately to control values. Therefore, simple reduction of cardiac output without marked lowering of arterial pressure produces a disproportionately smaller decrease in renal blood flow, with the result that a larger fraction of the cardiac output circulates through the kidneys. It is of interest to note that even when cardiac output is diminished after surgical procedures the renal blood flow is reduced to a lesser extent, as reflected in the higher post-operative renal fractions as compared to the pre-operative values. This parallels the findings reported by Phillips and his associates (23) in dogs after moderate hemorrhage. They observed that the renal circulation tends to be spared at the expense of the peripheral circulation before true, irreversible shock supervenes.
Extraction ratios for PAH were not expected to change during the course of our experiments, since Phillips and his colleagues (23) had to reduce the renal blood flow to 3 per cent of normal before PAH extraction was impaired. Nevertheless, we did perform one experiment in which extraction ratios were determined during experimental periods similar to those in our previous experiments, and the results are presented in Table  II . It is apparent that no significant alteration in the capacity of the renal tubules to extract PAH was incurred as the result of compression of the pulmonary artery. However, even if impairment of renal tubular function had occurred during any of our experiments due to the diminished renal blood flow, the actual renal blood flow and renal fraction would have been even greater than that shown in Table I .
Glomerular filtration rate and filtration fraction.
In some experiments, the glomerular filtration rate remained almost constant with the decrease in cardiac output and renal plasma flow, while in others it fell, but at a much slower rate than did plasma flow (Table I) . Consequently, there was a rise in the filtration fraction in all cases. A good part of this rise in the filtration fraction is probably attributable to the operative procedures and prolonged state of anesthesia, but constriction of the pulmonary artery produced further elevation of the filtration fraction which was not always maintained upon release of the constriction. The recent work of Selkurt, Hall, and Spencer (6) excludes the possibility that the elevated filtration fraction is due to the increased renal venous pressure. Therefore, the increased renal fraction is probably dependent upon changes in afferent and efferent arteriolar resistance. These changes will be analyzed in more detail in the section on resistances.
Changes in total peripheral and renal resistances. Total peripheral resistance (T.P.R.) and renal resistance (Rk) were calculated for each period, and the results expressed in absolute units (dynes cm.-5 sec.), by means of the following formulae: Comparison with control studies reveals that moderate and severe constriction of the pulmonary artery produced increases in T.P.R. and Rk, but the changes in T.P.R., both as a result of the operative procedure and of pulmonary artery stenosis, were relatively much greater than were the changes in Rk. Also, the T.P.R. tended to return more toward control during release periods, while Rk tended to show a gradual increase over the course of the experiment, with no statistically significant changes between periods of constriction and release.
It is, of course, not valid to predict changes in vasomotor tone on the basis of resistance changes alone. As Green and his colleagues (26) In our fifth experiment (Table I) , where moderate constriction was maintained for four hours, there was no significant alteration in mean arterial pressure, but the cardiac output was reduced to between one-third and one-half of control levels. In this experiment, therefore, it is valid to conclude that generalized vasoconstriction had taken place. In most of the other experiments, the mean arterial pressure fell only slightly compared to the decrease in cardiac output, and it is reasonable to conclude that vasoconstriction was present in most of these cases.
Although the increase in total renal resistance was relatively, insignificant following acute reduction of cardiac output, application of Lamport's formulae (27) to our data reveals marked changes in the component afferent and efferent arteriolar resistances. Table IV shows that afferent arteriolar resistance fell with constriction of the pulmonary artery, accompanied by a rise in efferent resistance. With release, there was a return toward control values. Unpublished data from our laboratory have demonstrated parallel pressure changes in the right atrium and renal veins following experimental pulmonary artery stenosis in open-chested dogs. On this basis, post-arteriolar resistances were calculated, substituting right atrial for renal venous pressures, and it was found that only small increases in post-arteriolar resistance occurred with reduction of the cardiac output. Plasma protein concentrations were not determined in our experiments, but a value of 6 gm./100 cc. was assumed in our calculations. This would, of course, introduce a slight error, but it would not affect the relatively large directional changes in afferent and efferent arteriolar resistances.
DISCUSSION
In a large series of patients with congestive heart failure, studies by Merrill (1) have revealed a reduction in the cardiac output with a proportionately greater decrease in the renal blood flow, resulting in a markedly diminished renal fraction. In our acute experiments, however, the contrary proved to be true; namely, a relatively smaller reduction in renal blood flow than in cardiac output, with an elevation of the renal fraction. Several factors should be considered in an attempt to explain this disparity. It has already been indicated that anesthesia is probably not responsible for this difference, since cardiac outputs, renal blood flows, and renal fractions in our control animals are similar to those in unanesthetized dogs. Also, shock secondary to operative procedures or occurring in the course of the experiment does not play a role, since blood pressures never fell below 80 mm. Hg even during constriction periods. Nor can the disparity be attributed to structural or physiological differences in the circulation of the kidneys in man and the dog. Trueta and his coworkers (28) have demonstrated the structural similarity, and Reubi and Schroeder (29) present fairly conclusive evidence that physiologically renal vascular shunts do not operate in either man or the dog. It is possible that in clinical congestive heart failure the reduced cardiac output acts indirectly to produce a decreased renal fraction by means of a delayed nervous mechanism, or more likely by some humoral factor (such as renin or V.E.M.). If such factors do come into play, they may not be elicitable in an experiment of short duration (maximum of four hours of maintained constriction) and would require chronic studies for more satisfactory evaluation.
On the other hand, studies on patients with congestive heart failure may not define cause and effect relationships with certainty. It is virtually impossible to compare the data for cardiac output and renal blood flow in a patient with congestive heart failure with the control values of that particular subject prior to the onset of the cardiac disease. The extremely wide range of renal fractions in normal human subjects (from 10 to 27 per cent) (30) emphasizes the importance of knowing the control value for each individual case. Furthermore, emotional disturbances and increased muscular activity (dyspnea, muscular tension, etc.) may be pronounced in patients suffering from congestive heart failure, even when ostensibly at rest. These factors are known to increase the cardiac output and decrease the renal blood flow (31) (32) (33) (34) (35) , thereby militating toward a reduced renal fraction. It must finally be mentioned that a marked impairment of renal blood flow is not an invariable accompaniment of heart failure, since decompensated patients have been described with renal flows within the range of normal, or only slightly reduced (36, 37). If, however, a reduced renal fraction is characteristic of the majority of cases of chronic congestive heart failure, cautious application of our observations to clinical heart failure suggests that the diminution in cardiac output per se is not directly responsible for this relatively greater decrease in renal blood flow. Studies by Mokotoff and Ross (38) indicate that the renal vasoconstriction reported in clinical cases is probably not dependent upon a neurogenic mechanism. They submitted decompensated subjects to high spinal anesthesia, and observed no significant change in the renal blood flow. By exclusion, therefore, they postulated a humoral factor initiating the renal vasoconstriction, and conjectured that once this relative renal ischemia occurred, generalized vasoconstriction would be produced through the elaboration of renin or V.E.M. Subsequently, Mokotoff and his coworkers (39) reported the presence of V.E.M. in the renal venous blood in every case of cardiac failure studied. In addition, in eight of 11 decompensated patients studied by Merrill, Morrison, and Brannon (40) the renin content of the renal venous blood was found to be increased. Thus, it is possible that such humoral mechanisms may be operative in clinical heart failure to produce the observed increase in total peripheral resistance. In our acute experiments, however, marked alterations in total peripheral resistance could be elicited in a matter of a few seconds, indicating a neurogenic mechanism. The degree of change in total peripheral resistance in our experiments was of a similar order of magnitude to that occurring in clinical heart failure, while the changes in total renal resistance were relatively slight.
Just what factors operate to apportion the circulating blood to the various organs and tissues under conditions of reduced cardiac output by regulating their individual resistances is still not clear, but evidence has recently been presented which demonstrates the ability of the kidney to maintain its flow in the face of diminishing arterial pressure. Selkurt, Hall, and Spencer (5) observed that a decrease in renal arterial pressure resulted in a drop in afferent arteriolar resistance with no significant change in efferent resistance. The afferent arteriolar changes appear to be due to an intrinsic mechanism within the kidney, for even in the denervated kidney, flows tend to remain fairly constant over a wide range of arterial pressures (5, 41) .
The marked reduction in renal blood flow in clinical congestive heart failure has been ascribed principally to an efferent arteriolar vasoconstriction (1, 2) . We applied Lamport's formulae (27) to Merrill's data on patients with rheumatic heart disease, assuming normal blood pressures, and found the values for efferent resistance to be increased up to 20-fold, while the average afferent re-sistance was slightly elevated but still within the limits of normal (42) .
In our experiments, we observed a decrease in afferent resistance and an increase in efferent resistance, both of significant magnitude, but with only a slight increase in the total renal resistance as the cardiac output was reduced. The decline in afferent resistance is probably on the same basis as the intrinsic, autonomous adjustment noted with experimental variations in arterial pressure. However, the efferent vasoconstriction appears to be extra-renal in origin, since such changes were observed only when cardiac output was acutely reduced, but not when the arterial pressure to the kidney alone was diminished.
SUMMARY
Acute reduction of cardiac output was produced in dogs by means of graded constriction of the pulmonary artery. Changes in arterial and central venous pressures were measured by means of optical manometers in some experiments and by mercury and water manometers in others. Alterations in cardiac output were determined by the Fick procedure, and renal circulatory data obtained by clearance techniques. Experimental observations were made during pre-operative and post-operative control periods, during periods of acutely reduced cardiac output, and during subsequent recovery periods.
Effective renal blood flow was diminished by compression of the pulmonary artery, but to a lesser degree than the cardiac output, resulting in a significant elevation of the renal fraction. Mean arterial pressure fell slightly, and in no case below 80 mm. Hg. Glomerular filtration rate remained unchanged or decreased somewhat, producing a rise in the filtration fraction.
Acute reduction of the cardiac output elicited a relatively large increase in the total peripheral resistance, but only a comparatively slight augmentation of the total renal resistance. Analysis of the changes in renal resistance by Lamport's formulae indicates a significant increase in efferent arteriolar resistance countered by a decrease in afferent resistance.
